Thermal barrier coatings (TBCs) composed of yttria stabilized zirconia (YSZ) deposited via electron beam physical vapor deposition (EBPVD) on MCrAlY and platinum diffusion aluminide bond coats on the superalloy Rene N5 have been compared in cyclic oxidation in air at 1100°C. The MCrAlY bond coats were fabricated by using several different plasma spray processes. The TBCs on the MCrAlY bond coats had shorter lives compared to the TBCs on the platinum al&de bond coats. This difference in TBC performance is proposed to be caused by the presence of other oxides than alumina on the MCrAlY bond coats which caused the toughness of the TBC-TGO-bond coat region to be reduced. Processing variables which affect TBC performances are discussed.
Introduction
It has been documented in numerous publications that thermal barrier coatings (TBCs) consisting of a 6 -8 wt.% Y,O, stabilized ZrO, (YSZ) are an effective method to increase the useful lifetimes of high temperature components such as combustion liners and vanes and blades in gas turbines (1, 2) . Such coatings are usually applied in conjunction with a bond coat, as shown in Figure 1 , to superalloy hardware. While it is clear that TBCs are effective coatings, the fabrication procedures that will result in optimum lives require better definition. The mechanics by which TBCs fail are not clear. The paper by Marcin and Bose provides a chronological description of the progression of TBC technology (1) . Generation I TBCs consisted of air plasma spray (APS) MCrAlY bond coats and air plasma spray YSZ TBCs. Failure was caused by thermally induced stresses and occurred in the air plasma sprayed bond coats. Improved performances were obtained in Generation II TBCs by using low pressure plasma spray (LPPS) MCrAlY bond coats and air plasma spray YSZ TBCs. The failure of the Generation II TBCs occurred predominantly in the YSZ TBC. Generation III TBCs consisted of a LPPS MCrAlY bond coat, or a platinum modified altinide bond coat, and a YSZ TBC deposited by using electron beam physical vapor deposition. In Generation III TBCs failure was no longer in the TBC but rather along the interface between bond coat and the thermally grown oxide (TGO) that forms during exposure at elevated temperatures. The progression of technology from Generation I to Generation III TBCs certainly represent the development of improved TBC systems, however numerous questions remain unanswered concerning the mechanisms of TBC failures. Generation II and III TBCs consist of YSZ TBCs deposited via different processes, Figure 2 , and the TBCs are usually of different thicknesses. For example, the TBCs deposited via APS are usually on the order of 300 pm whereas the TBCs prepared by EBPVD are between 100 and 150 urn in thickness. The effect of this TBC thickness must be considered in comparing Generation II and Generation III TBC failures. Generation III TBCs may use either MCrAlY bond coats, deposited via LPPS or some other type of spray process that does not cause oxidation of the MCrAlY powder, or platinum modified diffusion aluminide bond coats. There are data in the literature to indicate that TBCs with platinum aluminide bond coats are better than those on MCrAlY bond coats (3). Nevertheless, there are TBCs being used in service that have MCrAlY bond coats. Moreover, results are also available that show in some cases TBC performance using MCrAlY bond coats can be exceptional (4) . In order to understand the effects of different process variables on TBC performance it is necessary to investigate and describe in detail TBC failure mechanisms. This paper is concerned with the failure of EBPVD Y SZ TBCs on MCrAlY and platinum aluminide bond coats after cyclic oxidation at 1100°C in air.
Characterization of As Processed TBCs
The TBC specimens, Figure 1 , were prepared by depositing YSZ via EBPVD on either MCrAlY or platinum aluminide bond coats. The superalloy substrate was Rene N5 (Ni-7.5 Co-7.0 Cr-1.5 Mo-5.0 W-3.0 Re 6.5 Ta-6.2 Al-. 15 Hf-0.05 C -0.004 B-0.01 Y in wt.%). All of the TBCs were prepared in the same coater. The YSZ had a segmented structure with a cellular structure within segments, Figure 3 . The cellular structure became more developed upon exposure to elevated temperatures. At times defects were evident in the TBC, Figure 4 , but such defects were not numerous and have not been found to contribute to failures. 
T60
Bond Coat Figure 2 . Photomicrographs showing typical electron beam physical vapor deposited (EBPVD) and air plasma sprayed (APS) yttria stabilized zirconia thermal barrier coatings. The EBPVD TBC consists of segmented,columnar grains whereas the APS TBC is composed of a particle like structure due to fusing of the YSZ powders.
Three types of MCrAlY bond coats were used. The compositions of these coatings, as well as the technique via which they were deposited, are presented in Table I . Three platinum aluminide bond coats were studied. All three bond coats were fabricated via the same general approach, namely a platinum coating was electrolytically deposited on the N5 substrate followed by aluminizing using a high temperature low aluminum activity process. Bond coat A was deposited by one manufacturer and bond coats B and C by another. The difference between bond coats B and C was that two different electrolytic techniques were used to deposit the platinum coatings. The surface of all bond coats were prepared by grit blasting using alumina powder prior to TBC deposition.
Photographs showing the as processed TBCs with MCrAlY bond coats are presented in Figures 5,6 and 7. A thin TGO was evident as well as fi (Ni, Co, Al) and y (nickel solid solution) phases in the coatings beneath the TGOs. In all of these coatings nickel and chromium in addition to aluminum was detected in the TGOs on these TBCs. However, the TGOs were very thin and the nickel and chromium may have come from the bond coat. The TBCs on the platinum aluminide bond coats all had similar structures, Figure Sa . However, the aluminide coating thickness on A was less than on B and C, and the platinum content at the bond coat-TGO interface was greater in C than in B. All of these TBCs contained a thin TGO, Figure 8b , for which the thickness varied by a substantial amount. Such variations in the TGO thicknesses were also observed on the MCrAlY bond coats and may have been caused by grit blasting.
The TGOs on the platinum aluminide bond coats were usually thicker than those on the MCrAlY bond coats and contained only aluminum and oxygen. - 
Exnerimental Oxidation Conditions
All of the TBCs were exposed to cyclic oxidation conditions in a bottom loading furnace at 1100°C in air. This furnace had a platform upon which all of the specimens could be exposed simultaneously. The test cycle consisted of 10 minutes heating to temperature, 45 minutes at temperature followed by 10 minutes of forced air cooling. All of the specimens were examined at various time intervals by using optical metallography. The observations were directed at determining when and where cracking was evident in the TBCs. Upon termination of testing the fracture surfaces of failed specimens were characterized by using scanning electron microscopy. Sections through the TBCs and bond coats were prepared for examination via optical metallography and the SEM. Specimens of the TBCs on the platinum aluminide bond coats were examined prior to failure after 758 cycles at llOO"C, and after failure. In Figure 12 a cross section of the TBC on platinum aluminide C is presented after 758 cycles. The TGG was pure alumina and some deformation of the altinide bond coat was evident as indicated by undulations that developed at points where the TBC fractured, Figure 12b . The aluminide bond coat contained predominantly l3 phase but y' was evident in the bond coat adjacent to the TGO, Figure 12c . Similar features were evident in the TBCs on platinum ahtminide bond coats A and B, but the TBCs became detached during metallographic preparation. A typical surface of a platinum ahrminide bond coat after spalling of the TBC is shown in Figure 14 . It is evident that fracture has occurred in the TBC and the TGO, as well as along the TGO-bond coat interface but since failure occurred during testing, the exposed bond coat has been oxidized.
Mechanisms of TBC Failures
The results clearly show that Generation III TBCs do not fail by cracking solely along the TGO-bond coat interface. In the case of the MCrAlY bond coats the TGOs in the as processed condition may have contained spinels, and other oxides than alumina developed during oxidation. The absence of relatively pure alumina TGOs is believed to be responsible for the short lives of TBCs on the MCrAlY bond coats. As processed TBCs on MCrAlY bond coats were delaminated by using an indent test (7), but this test did not cause delamination of the TBC on as processed platinum ahrminide bond coats. These results show that the interfacial toughness in the TBC-TGO-bond coat region is greater for the TBCs on the platinum aluminide bond coats compared to the MCrAlY bond coats. More work is required to determine where fracture of the TBC initiates, but it appears to involve in some way either the spine1 phases and/or the oxides of tantalum and hafnium. Therefore fracture may initiate in the TGO. The lives of TBCs on MCrAlY bond coats should be increased if pure alumina TGOs are developed on these bond coats. Work is in progress to test this hypothesis. Fi~gure 14. Scanning micrograph of typical platinum aluminide bond coat surface exposed after spalling of the TBC. The fracture occurred in the TGO(arrow) and the TBC (double arrows) as well as along the TGO-bond coat interface. The failure occurred during cyclic oxidation and the bare bond coat has been oxidized.
The failure of the TBCs on the platinum aluminide bond coats are believed to initiate in the TBC at ratchets in the TGO, Figure 12b . The cracks then propagate in the TBC and TGO as well as in the TGO-bond coat interface. Wrinkling of the bond coat may be a factor in initiating such failures, and more strong aluminide bond coats could extend coating lives. While aluminum depletion has been observed in these bond coats, it is not obvious that aluminum depletion, nor the presence of substrate elements, is playing a role in the failures of the TBCs on the platinum aluminide bond coats. Gel1 et al (8) have found that TBCs on platinum aluminide bond coats failed by crack initiation at boundaries in the aluminide bond coat at which preferential oxidation had occurred. In this investigation the bond coats were not grit blasted prior to TBC deposition, in contrast to the present study. It has been found that grit blasting inhibits the preferential oxidation of grain boundaries in almninide bond coats (5).
Conclusions
The lives of TBCs on MCrAlY bond coats exposed to oxidizing conditions were substantially shorter than those on platinum aluminide bond coats. It is proposed that this may have been caused by the presence of other oxides than alumina on the as processed MCrAlY bond coats. It is not clear that failures of Generation III TBCs occur due to decreased interfacial toughness of the TGO-bond coat interface. Other factors such as ratcheting of the bond coat and the TGO may play significant roles in some failures. Processing conditions play a crucial role in TBC performances. Consequently, there probably are a number of different mechanisms by which Generation III TBCs fail. TBC performances should be increased by utilizing proper processing procedures.
